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EXECUTIVE SUMMARY 
The work described in this report focuses on the development of data processing routines for 

curved-wide-plate (CWP) tests, the presentation of test results in a consistent and unified format, 

generation of fracture resistance curves from, and the examination of transferability between 

CWP and SENT (single-edge-notched tension) test specimens.  The results of this work can be 

used for: 

 

 Drafting and implementing consistent test procedures for CWP tests, 

 Formulating test data for consistent presentation and comparison, 

 Understanding the differences and limitations of test specimens of different scales, 

 Making the best selection of test specimens for a given set of objectives, and 

 Making correct interpretation of test data and their relevance to girth weld performance.  

 

A variety of mechanical property tests are performed in the design, construction and maintenance 

phase of a pipeline.  Most of the tests are done using small-scale specimens with the size 

typically in the range of a few inches to tens of inches.  There is a wide selection of test labs for 

most small-scale tests.  These tests can be done effectively under a variety of conditions, e.g., 

test temperature, strain rate, and loading configuration.  More importantly, most routine small-

scale tests are done in accordance with national and international standards so the consistency of 

testing procedure is usually very good.   

 

To confirm pipeline designs and validate material performance, it’s desirable sometimes to test 

girth welds under realistic service conditions in full scale.  Full-scale tests can incorporate certain 

realistic features that the small-scale specimens cannot.  However, these tests can be time-

consuming and expensive to conduct.  Very few labs can do the tests, even with months of start-

up and preparation time.  There are no generally accepted consistent test procedures among 

different test labs.  The data acquisition and post-processing may differ from lab to lab, creating 

difficulties in data comparison.  Full-scale tests can only be done under selected conditions as a 

supplemental tool to the small-scale tests.  The amount of resources and time required to conduct 

such tests prevent them becoming routine tests. 

 

The medium-scale tests, represented by curved-wide-plate (CWP) tests, offer certain advantages 

associated with full-scale tests at a fraction of the cost of full-scale tests.  A large number of 

CWP tests were conducted within this project.  Procedures developed in this project enable the 

generation of resistance curves from CWP specimens.  Another major outcome of this work is 

the implementation of a uniform presentation format for all CWP test data. 
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A few major observations are 

 

1) It is possible to obtain highly consistent data representing the deformation of CWP 

specimens. 

2) Based on the compliance and flaw growth history data, most of the flaw growth occurs 

near the final failure strain.  The amount of flaw growth at a strain level up to 90% of the 

final failure strain is a small fraction of the total flaw growth at failure. 

3) From a practical viewpoint of tensile strain design, it is advisable to use flaw growth 

initiation as a failure criterion.  The benefits of a small increase in strain capacity do not 

justify the risk associated with allowing a large amount of flaw growth. 

4) Despite a highly diligent and meticulous effort of post-test data processing, the scatter of 

the experimentally measured compliance of CWP specimens makes it difficult to 

construct ―clean‖ resistance curves in some cases.  This difficulty is particularly 

pronounced in the initial part of the resistance curves.   

5) For cases when ―clean‖ resistance curves can be established, the resistance curves from 

CWP tests are generally higher than those from SENT tests.  The difference is more 

pronounced after a flaw growth of approximately 1.0 mm.  Due to the noise associated 

with the initial flaw growth, comparison of resistance curves at smaller amount of flaw 

growth is difficult. 

6) Post-test data processing to generate resistance curves can be a difficult task.  The 

process can be subject to judgment calls of the individuals who process the data.  The use 

of resistance curve data should be preceded with clearly defined procedures for data 

processing.  The robustness of the raw data prior to data processing should be examined 

and verified.  A significant issue in developing a consistent understanding of the 

transferability of resistance curves from data in the open literature is the lack of detailed 

and specific information about the method and procedures used in the acquisition of the 

raw data and in the post-test data processing of the raw data.  Without the necessary and 

specific information on the procedures leading to the presentation of the final data, such 

as resistance curves, it is nearly impossible to determine if comparisons and conclusions 

are drawn on a consistent basis.  It is in the interest of all stakeholders that detailed and 

specific test procedures and data processing routines are provided so the material 

behavior can be understood. 

 

The work presented here provides means to generate resistance curves from CWP tests.  An 

equally important point is that such an endeavor is not easy.  To fully understand the material 

behavior, it is critical that the test data be presented along with detailed procedures by which the 

data are derived.  
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1 INTRODUCTION AND BACKGROUND 

1.1 BACKGROUND 

A variety of mechanical property tests are performed in the design, construction and maintenance 

phase of a pipeline.  The linepipes are often qualified by tensile, Charpy impact, and DWTT 

tests, among other tests.  Girth welding procedure qualification requires at least cross-weld 

tensile, side-bend and/or root bend, and/or nick-break tests.  For welding procedures qualified for 

alternative flaw acceptance criteria (alternatively termed ECA, or Engineering Critical 

Assessment), fracture toughness tests and/or Charpy impact tests are required.  These tests are 

generally referred to as small-scale tests.  The size of specimens is typically in the range of a few 

inches to tens of inches.  The specimens are usually small enough to be handled manually 

without the assistance of any lifting equipment.  There is a wide selection of test labs for most 

small-scale tests.  These tests can be done effectively under a variety of conditions, e.g., test 

temperature, strain rate, and loading configuration.  More importantly, most routine small-scale 

tests are done in accordance with national and international standards so the consistency of 

testing procedure is usually very good.  Having consistent, transparent, and robust test standards 

ensures that the differences in the test data are attributable to material behavior, not testing 

procedures themselves. 

 

To confirm pipeline designs and validate material performance, it’s desirable sometimes to test 

girth welds under realistic service conditions in full scale.  Full-scale tests can incorporate certain 

realistic features that the small-scale specimens cannot.  These features include, but are not 

limited to, finite-length surface-breaking flaws, weld high-low misalignment, and internal 

pressure.  Full-scale tests may be necessary to qualify the impact of such features.  However, 

these tests present their own challenges and pitfalls. 

 

1) The tests can take months to prepare.   

2) The tests are very expensive to conduct. 

3) There is a limited number of test frames capable of handling large-diameter pipes.  

Sometimes test frames have to be purposely built.  These frames may have to be 

decommissioned when the tests are completed as they take up too much space. 

4) Certain test conditions, such as low temperature tests, are difficult to achieve uniformly 

for very large specimens. 

5) There are no generally accepted consistent test procedures among different test labs.  The 

data acquisition and post-processing may differ from lab to lab, creating difficulties in 

data comparison. 

 

In summary, full-scale tests can only be done under selected conditions as a supplemental tool to 

the small-scale tests.  The amount of resources and time required to conduct such tests prevent 

them from becoming routine tests. 

 

Situated in the middle of the specimen size scale is the medium-scale test, such as curved- wide-

plate (CWP) test.  The CWP specimen is a curved piece of pipe with a nominal gauge width of 

200 to 450 mm (8 to 18 inches) and the length in the range of approximately 1.5-6.0 times the 

gauge width.  A girth weld is located in the mid-length of the specimen.  In most cases, an 

artificial machined notch or fatigue sharpened flaw is introduced in the weld centerline or heat-
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affected zone (HAZ).  The deformation and load are monitored during the tests while the 

specimen is pulled longitudinally until failure or reaching certain pre-set conditions, such as 

passing the maximum load.   

 

CWP tests have been used for the characterization of girth weld performance for many years 

[1,2].  More recently, wide plate tests have become one of the most recognized tools for the 

determination of girth weld tensile strain capacity.  Many organizations now have CWP testing 

capabilities, for example the University of Gent, C-FER, Stress Engineering Services, National 

Institute of Standards and Technology (NIST), Evraz, JFE, Nippon Steel Corporation, and 

POSCO.  

 

In order to use the test specimens of various scales effectively, one has to understand their useful 

features and limits.  One of the critical questions is the transferability of test results, i.e., how the 

test results from one scale of test specimen can be correlated to the results of another scale of test 

specimen.  This question is not as easy to answer as it seems.   

 

 Ideally tests of different scales can be done to evaluate the transferability.  The reality is 

significantly more challenging.  Material properties often have local variations, 

particularly in welds and HAZ.  The test results from nominally the same material and the 

same test conditions can differ due to those local variations.  It is well documented from 

large-scale tests that flaws under ―nominally identical conditions‖ can behave quite 

differently [3].  These so-called ―identical conditions‖ refer to the application of well 

planned and executed procedures to ensure identical conditions with tools that are 

reasonably controlled.  For instance, HAZ flaws can be put in the same target location.  

However the local micro-scale features can be different from one flaw location to 

another.   

 There are no test standards for medium- and large-scale test specimens.  Differences in 

test results may reflect differences in both material behavior and test procedures. 

 

In summary, the determination of transferability from tests alone can be difficult without 

conducting a large number of tests, including large-scale tests.  Given the time and cost 

associated with large-scale tests, this line of investigation is seldom pursued.  Numerical 

analysis, in which various parameters can be varied systematically, is a valuable tool to 

determine the specimen transferability.  Such analysis, complemented by selected experimental 

tests of different scales, is the most effective and practical approach to examine transferability. 

 

1.2 INCENTIVE 

Small-scale, CWP, and full-scale tests have been used for many years in the pipeline industry.  

These tests are being increasingly used in recent years for strain-based design of pipelines, 

especially for the determination of girth weld behavior under large longitudinal tensile strain.  

The transferability of these test forms has not been thoroughly investigated.  The lack of 

generally accepted test procedures for the medium- and large-scale specimens further 

complicated the understanding and comparison of test data. 
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It is therefore essential to address two interrelated and critical issues: (1) consistent test 

procedures for the medium- and large-scale specimens and (2) understanding of the 

transferability of test specimens of different scales.  

1.3 OBJECTIVE OF THIS WORK 

The overall objectives of this work are as follows: 

 

1) Develop critically missing elements for post-test data processing of CWP tests, 

2) Process and organize CWP test data in a unified and consistent format, and 

3) Evaluate the transferability of various tests.  Since full-scale testing is not conducted 

within this project, the focus is on the transferability of small-scale test data to prediction 

of CWP performance. 

1.4 SCOPE OF THE REPORT 

One of the primary goals of this work is the organization and presentation of CWP test results.  

One of the key elements of the test results is the fracture resistance curves.  To derive the 

resistance curves from test data, two essential elements have to be established: (1) determination 

of flaw size from unloading compliance and (2) converting load vs. CMOD trace into fracture 

mechanics parameters.  The transferability in the form of resistance curves can be assessed with 

the CWP resistance curves. 

 

In Section 2, the transferability of different test specimens, mostly in the form of resistance 

curves, is reviewed.  The CWP test procedures employed in this project are introduced in Section 

3.  The development of compliance function for the determination of flaw size is covered in 

Section 4.  The development of J correlation equations is described in Section 5.  Sample CWP 

test data in a uniform format are presented in Section 6.  The comparison of resistance curves is 

made in Section 7.  The important findings and concluding remarks are given in Section 8.  Due 

to the large size of data files of the CWP test data, most of the CWP test results will be made 

available in electronic format. 

2 REVIEW OF PRIOR WORK ON TRANSFERABILITY 
Material resistance to flaw growth is one of the key input parameters for the tensile strain design 

of pipeline girth welds.  It is useful to evaluate the similitude of resistance curves among 

specimens of different types.  The types of specimens being evaluated are CWP, standard three-

point bend CTOD, and low-constraint SENT specimens.   CWP has been used as a quasi-

structural specimen to evaluate the tensile strain capacity of pipeline girth welds [4,5].  The 

standard three-point bend CTOD specimen is perhaps the most recognized fracture toughness 

specimen for girth weld qualification.  In recent years the low-constraint SENT specimen is 

increasingly being used because it is viewed as a more appropriate measure of girth weld loading 

condition than the SENB specimen [6,7]. 

 

The resistance curves from different types of specimen are compared here.  In the early tests by 

SINTEF, the resistance curve of the ―Sector‖ specimen is shown to be the highest, followed by 

SENT, and then SENB, as shown in Figure 1 [8].  Tests conducted at CANMET show that the 

resistance curves from SENT are generally higher than those from SENB, as shown in Figure 2 

[9].  Cheng et al. showed that the resistance curves of SENT specimens are markedly higher than 

those of SENB specimens, as shown in Figure 3 [7].  Cheng et al. also showed that there is a 
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good similitude of resistance curves between the full-scale and SENT specimens, as shown in 

Figure 4 [7].  The resistance curves of the CWP specimens are somewhat lower than both the 

SENT and full-scale specimens. 

 

 
Figure 1:  CTOD resistance curves of three types of specimens 

 

 
Figure 2: Dependence of J resistance curves on specimen type and side groove of X100 base pipe [9].   

PS: plane-sided (non-side-grooved).  SG: side-grooved. 
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Figure 3:  Measured CTOD R-curves of X65 welds [7] 

 
Figure 4: Measured CTOD R-curves of X70 base pipe from full-scale (FS), CWP, and SENT specimens [7] 
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The transferability of resistance curves between full-scale pipes and SENT specimens was 

examined in great detail in another DOT/PRCI funded project [10].  Figure 5 shows the 

comparison of resistance curves between the full-scale pipes and the corresponding SENT tests 

for six groups of material and flaw locations.  The resistance curves of the full-scale pipes are 

slightly higher than those of SENT specimens in some cases, but significantly higher in other 

cases.  This comparison demonstrates that the transferability of resistance curves between the 

full-scale pipes and SENT cannot be assured in all cases.  This observation is consistent with the 

philosophy of DNV-RP-F108 and different from the results presented by Cheng et al [7].  The 

transferability of resistance curves between full-scale pipes and SENT specimens should not be 

automatically assumed in all cases.  More in-depth analysis of past and future data is necessary 

to establish the transferability.   

 

A significant issue in developing a consistent understanding of the transferability of resistance 

curves is the lack of detailed and specific information about the methods and procedures used in 

the acquisition of the raw data and in the post-test processing of the raw data.  Without the 

necessary and specific information on the procedures leading to the presentation of the final data, 

such as resistance curves, it is nearly impossible to determine if comparisons and conclusions are 

drawn on a consistent basis.  It is in the interest of all stakeholders that detailed and specific tests 

procedures and data processing routines are provided so the material behavior can be understood.  
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Figure 5:  Comparison of resistance curves between full-scale pipes and SENT specimens 

 

3 CURVED-WIDE-PLATE TEST 

3.1 OVERVIEW 

Wide-plate testing has been used as a tool for material and weld procedure qualifications [11].  It 

has also been used for project-specific design validation.  A large database of the failure strains 

of girth welded pipes has been established from wide-plate tests [12].  There are no generally 

accepted test standards governing the specimen dimensions, instrumentation, data acquisition 

and post-test processing.  A study has shown that the specimen width, weld strength mismatch, 

and specimen length have strong impacts on the reported failure strains when the failure strains 

are measured in the most commonly used form [5].  Significant progress has been made in 
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recognizing the importance of having consistent test procedures [5].  Denys et al. have published 

a recommended testing procedure of CWP specimens [13]. 

 

A large number of curved-wide-plate tests have been conducted within this project.  This report 

summarizes the preliminary results of the post-test data analysis.  A brief introduction of the test 

setup and instrumentation plan is given here so the processed data can be interpreted in the 

context of actual measurements taken. 

 

3.2 TEST SETUP 

A picture showing a test specimen in the test frame at the NIST Boulder test lab is given in 

Figure 6.  The test machine is of vertical type, capable of a maximum load capacity of 1,000,000 

lbf.  The overall dimensions of the specimens are given in Figure 7.  The gage width of 10 inches 

was selected to ensure that the maximum load capacity of the specimen can be reached near the 

maximum load capacity of the test machine.    

 

The overall instrumentation plan is shown in Figure 8.  Three high-precision clip gages were 

installed on the ID side to measure the crack mouth opening displacement (CMOD) as shown in 

Figure 9.  The clip gages are kept in place by the leaf springs pressing the gages against the 

specimen. More information on the test setup can be found in a companion report [14].  
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Figure 6:  A CWP specimen in the test frame of NIST Boulder 
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Figure 7:  Dimensions of the CWP specimens 
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Figure 8:  Instrumentation plan of the CWP specimens 
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Figure 9:  Clip gage arrangement for CMOD measurement 

 

3.3 TEST MATRIX 

The entire test matrix consists of 34 test specimens.  The majority of the specimens are from the 

first round of welding.  A smaller number of specimens are from the second round of welding.  

Four specimens are from the third round of welding.  The relevant dimensions and material 

properties of those welds are covered in other reports of this project. 

 

The entire test matrix is given in Table 1. 
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Table 1:  CWP test matrix 
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4 DEVELOPMENT OF COMPLIANCE FUNCTION 

4.1 INTRODUCTION 

One of the overall objectives of this project is to understand the fracture resistance to flaw 

growth of the X100 welds.  The fracture resistance is often represented by resistance curves, 

which are typically given as a function of the fracture toughness (J integral or CTOD) versus 

flaw growth.  

 

A two-step procedure has been established to construct fracture resistance curves from 

experimental data.  In the first step, a compliance function was first developed to calculate the 

flaw growth from unloading compliance measured in CWP tests.  In the second step, a set of J-

correlation equations were established to compute fracture toughness from experimentally 

measured load vs. CMOD trace.  Putting the flaw growth and the fracture toughness together 

leads to the generation of flaw growth resistance curves. 

 

To establish the relation between CWP unloading compliance and flaw growth, a series of finite 

element analyses were firstly conducted for CWP specimens with surface-breaking flaws.  The 

results were then organized to obtain the compliance functions for specific specimen geometries.   

4.2 FINITE ELEMENT MODELS 

4.2.1 Geometric Models 

A sample finite element model of the CWP specimen is shown in Figure 10.  Only half of the 

specimen was modeled due to symmetry conditions.  The weld was modeled at the center of the 

specimen along the length.  The bevel angle was assumed to be 6 degrees. The weld root width 

was assumed to be 5.0 mm.  Flaws were located in either the heat affected zone (HAZ) or the 

weld metal center line, consistent with experimental test specimens.  The full length of the 

specimen was modeled.  The middle section of the model in the length direction is the reduced 

section.  The one-half width and length of the reduced section are W and L, respectively.  The 

width and length of the plate shoulders are W’ and L’, respectively.  The radius of the transition 

region between the reduced section and the plate shoulders is R.  The wall thickness of the 

specimen is t and the outside diameter (OD) of the pipe is 36 inches.  All the aforementioned 

geometric dimensions used in the finite element model are consistent with the experimental test 

specimens and are listed in Table 2. 

 
Table 2: Analysis matrix for compliance function 

76.2 355.6 76.2 254.0 1016.0 19.1 30.0, 50.0, 75.0 2.0, 4.0, 6.0, 8.0, 10.0, 12.0

R     

(mm)     

L     

(mm)

t      

(mm)

2c                           

(mm)

a                                                 

(mm)

2W '   

(mm)     

L'    

(mm)

2W   

(mm)
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Figure 10:  A sample finite element model with relevant dimension designation 

 

c

a

t

 
Figure 11:  Finite element model in the vicinity of the surface-breaking flaw.  The weld metal is shown in red, 

and the pipe base metal is shown in green 

 

The semi-elliptical shaped flaw is located on the internal diameter (ID) surface of the specimen.  

It has a surface length of 2c and a depth of a as shown in Figure 11. 

 

The commercial finite element (FE) software ABAQUS
®
 was used to conduct the simulation.   

Each model contains about 57,000 nodes and 50,000 eight-node 3D elements. 

 

4.2.2 Material Properties 

The unloading compliance is a function of the elastic response of the specimen.  Therefore, to 

obtain the relation between unloading compliance and flaw size, only the elastic material 

properties are needed.  The Young’s modulus (E) is 206.7 GPa and the Poisson’s ratio (ʋ) is 0.3.  

 

4.2.3 Boundary Condition 

Symmetry boundary conditions were imposed on the model with respect to the centerline of the 

CWP, see Figure 10.  Longitudinal tension load was imposed by applying a displacement in the 

length direction at one end of the model while holding the other end fixed.  A total of 0.5% 

engineering strain was applied to the reduced section to determine elastic response.  
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4.2.4 Data Processing 

An important step for establishing the compliance function is the reduction of finite element 

data.  For each CWP model, i.e., one CWP with a surface breaking flaw of specific depth and 

length, the load and CMOD were directly obtained from the finite element analysis results. 

Linear regression analysis was then conducted to establish a linear relationship between the load 

(P) and CMOD (V), i.e., V=S·P, which defines the compliance S. For the convenience of 

viewing, a parameter M=S × 10
5
 is used to represent compliance in compliance function. 

 

The calculated compliance was firstly grouped by flaw length 2c.  For each flaw length, a second 

order polynomial interpolation function a(M) was then developed to calculate flaw depth from 

compliance as shown in Figure 12.  The coefficients of the a(M) function were further fitted to a 

set of functions Ai(c) of crack lengths.  Substitution of function Ai(c) into a(M) led to the 

compliance function that uses flaw length and compliance as input and results in flaw depth.  In 

the finite element analysis, the flaw lengths are consistent with those in the X100 CWP 

experiments and the flaw depth ranges from 2 mm to 12 mm which covers the range from initial 

flaw depth to expected flaw growth during tests. 

 

4.3 RESULTS 

Figure 12 shows the compliance-flaw depth relations for the CWP specimens with flaw lengths 

of 30.0 mm, 50.0 mm and 75.0 mm.  It is seen that the relation between the compliance and flaw 

depth is approximately quadratic (2
nd

 order polynomial) for all three flaw lengths.  Therefore, 

quadratic functions were employed to interpolate the relation between flaw depth and 

compliance.  The results indicate that the compliance becomes less sensitive to flaw depth as 

flaw length decreases.  The coefficients (A1 and A2) of the fitted equations in Figure 12 are 

summarized in Table 3 where A1 and A2 are the coefficient of the 2
nd

 and 1
st
 order terms, 

respectively.  
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Figure 12:  Relation between flaw depth and compliance 
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Figure 13:  Interpolation coefficients as a function of flaw length (2c) 
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The correlation between the coefficients (A1 and A2) of the fitted equations in Figure 12 and the 

flaw lengths is plotted in Figure 13.  Two parabolic functions were obtained based on the data.  

The combination of the equations in Figure 12 and Figure 13 leads to the compliance function 

 

 , (1) 

where 

 , and (2) 

 . (3) 

 

Table 3:  Coefficients of the parabolic functions.  A1: coefficient of the 2nd order term, A2: coefficient of the 

1st order term 

Crack length 

(mm)
A 1 A 2

30.0 1.67×10
-1 1.59

50.0 1.39×10
-2 1.82

75.0 -5.87×10
-2 1.85  

 

4.4 DISCUSSION 

The compliance function provides a convenient method for the calculation of flaw depth.  It 

allows a quick and direct estimation of flaw depth from CMOD vs. load trace measured in CWP 

tests.  Given the flaw depth and length used in the finite element analysis (as listed in Table 4), 

the applicable ranges of the compliance function are 0.0 to 12.0 mm for flaw depth and 30.0 to 

75.0 mm for flaw length. 

 

5 DEVELOPMENT OF J-CORRELATION EQUATIONS 

5.1 INTRODUCTION 

This section covers the development of J-correlation equations to estimate fracture toughness.  A 

series of finite element analyses were firstly conducted on the CWP with surface-breaking flaws 

of different lengths and depths.  Data processing and interpolation were performed to obtain the 

J-correlation equations as functions of geometric parameters. 

 

5.2 FINITE ELEMENT MODELS 

5.2.1 Geometric Models 

The overall dimensions of the CWP are the same as those of the model described in Section 4.  

The flaw dimensions in the finite element analysis are listed in Table 4.  The commercial finite 

element (FE) software ABAQUS
®
 was used to conduct the simulation.  Similar to the size of the 

finite element model used in Chapter 4, there were approximately 57,000 nodes and 50,000 

eight-node 3D elements in the current model.  
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Table 4:  Analysis geometry matrix for J-correlation equations 

2c              

(mm)

a                                                        

(mm)

30.0, 50.0, 75.0 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0

Geometry

 
 

5.2.2 Material Properties 

Three different grades of steels, X65, X80 and X100, were studied.  Their yield strengths (YS) 

and ultimate tensile strengths (UTS) were obtained as the median values of the range from API 

Specification 5L/ISO 3183.  The CSAZ662 equation was employed to construct the stress-strain 

curve for finite element analysis, i.e. 

 

  (4) 

where  is engineering stress,  is engineering strain,  is the yield strength and the strain 

hardening exponent (n) was calculated from the equation 

 

 . (5) 

Here  is the ratio of yield strength over ultimate tensile strength (UTS).  All the material 

properties used in the finite element analysis are listed in Table 5. 

 

5.2.3 Boundary Condition 

The boundary conditions applied are similar to those used in Section 4.  Symmetric boundary 

conditions were imposed at the centerline of CWP.  One end of the model was held fixed and a 

displacement was applied at the other end.  For the longitudinal tension load, a total of 5.0% 

engineering strain was applied to the reduced section. 

 
Table 5:  Material property matrix for development of J-correlation equations 

Steel 

Class

YS              

(MPa)

UTS           

(MPa)

Strain Hardening 

Exponent (n )

X65 525.0 647.5 16.6

X80 630.0 725.0 24.0

X100 765.0 875.0 27.0

Material Properties

 
 

5.2.4 Data Processing 

The finite element analysis results were firstly processed in developing an  (see definition 

below) factor equation for CWP.  The J integral, CMOD and load were obtained from the finite 

element results.  The J integral was calculated at the center plane, i.e., at the mid-length in the 
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flaw length direction.  The flaw growth was expected to be the greatest at this location.  The 

CMOD value at the mid-length was also used.  
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Figure 14:  Definition of the plastic component of the area under the load versus CMOD curve 

A general J integral estimation approach based on CMOD was adopted in the data processing 

procedure.  The advantage of using CMOD rather than the overall displacement of the specimen 

is that CMOD provides more direct measure of the crack tip deformation.  The total value of J 

integral is partitioned into a small scale yielding and a fully plastic part, consistent with 

established practice and standards, such as ASTM E1820 [15,16].  The small scale yielding 

component is defined as a function of stress intensity factor K and the fully plastic J integral is 

calculated from the plastic component of the area (Apl) under load-CMOD curve, which, as 

described in Figure 14, is the integral of the load versus CMOD less the elastic component.  
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Figure 15:  Schematic description of  ƞ factor evaluation 

The J estimation formula has the following form: 

  (6) 

where  is the elastic component and  is the plastic component.  These can be 

derived/computed as 

  (7) 

and  

   (8) 

where ƞ is a non-dimensional factor.  Derivation from Equation (6) and Equation (8) leads to 

  (9) 

A closed form solution of stress-intensity factor K for a surface-breaking flaw in a flat plat under 

tension given in ASTM E740-03, Annex A2 [17] was used to compute the elastic J.  Under an 

uniform tensile stress  at the deepest point (mid-length along the flaw length direction), the 

stress intensity factor is given as, 

 

 , (10)  

where 

  

  (11) 
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and 

 

 .  (12) 

 

For each finite element CWP model, the plastic component of the area (Apl) at any load step was 

evaluated by the method shown in Figure 14.  The evaluation of ƞ factor is described by Figure 

15.  At each load step, the value of J was taken at the point of deepest crack depth (mid-length of 

the crack) from the contour integral around the tip of crack.  The ƞ factor was determined from 

Equation (9) and was plotted versus Jp.  The first few data points at the initial loading were not 

used to compute ƞ as they reflect non-stabilized values before the material behavior becomes 

fully plastic.  With the increase of Jp, the ƞ factor becomes constant as shown in Figure 15.  The 

averaged value over the stable range was taken as the ƞ factor for a specific model.  

 

A total of 81 cases were analyzed as shown in Table 5.  Among these cases, the maximum ratio 

2c/W was 75/254 which is less than 1/3.  It was assumed that the boundary effect at the edge 

lines would not affect the stress fields around the flaw.  A series of curve fittings were conducted 

based on the results of ƞ factors and the corresponding normalized crack geometry factors a/t, 

2c/t and material properties n to develop an equation for ƞ factor.  Both the finite element results 

and curve fittings indicated that the ƞ factor was almost independent of strain hardening 

exponent (n).  In other words, the ƞ factor is only dependent on the normalized crack geometry 

factors a/t, 2c/t. 

5.3 RESULTS 

According to previous discussion, the final equation of  factor depends only on the normalized 

crack geometry and was derived as 

 

   (13) 

 

After the development of the  factor equation, the J integral was computed from load and 

CMOD data.  It should be noted that Equation (8) only calculates the plastic component of J 

integral with an assumption that the initial flaw size remains stable and without growth.  In the 

context of generating resistance curves from experimental tests, the flaw depth is a variable.  The 

depth increases with the increase of applied load/displacement.  Consequently the area under 

load vs. CMOD trace has to be updated with current flaw depth.  A set of incremental form of 

equations from ASTM E1820 is adopted for the calculation of J-integral that accounts for flaw 

growth.  The incremental equation for the plastic component of J integral is given as  

 

 , (14) 

 

where  is calculated from Equation (13) as a function of ai-1 while keeping 2c and t as 

constants. The parameter  is the increment of the plastic area under the load-CMOD curve 

from step i-1 to i, i.e., 



 

23 

 

 , (15) 

where  is the load at step i,  is the plastic component of CMOD at step i.  The parameter  

is given as , where can be calculated as load times the elastic unloading compliance.   

 

In the second bracket of Equation (14), the last term including γ(i-1) is geometric correction which 

considers the influence of crack growth.  In CWP tests, as the cracked area is very small in 

comparison with the overall specimen cross section, the influence of the crack growth on J is 

small and  Equation (14) reduces to 

  (16) 

with acceptable accuracy, setting the term in square brackets in Equation (14) equal to unity.   

 

A set of J-correlation equations was developed by substituting the  factor, Equation (13), into 

Equations (14-16).  These equations use load and CMOD as inputs for the computation of J-

integral for specimens with specific 2c/t ratios. 

5.4 DISCUSSION 

A set of J correlation equations for the evaluation of J-integral from the CWP tests have been 

developed.  The key component of the J correlation equations is the  factor, i.e., Equation (13).  

When the flaw length is small in comparison to the wide plate width (e.g., flaw length less than 

1/5 of the wide plate width) and the boundary effects from the finite plate width is minimal, the 

 factor solution can be applied to CWP of a range of width.  Given the thickness of CWP 

specimen used in the finite element analysis and the flaw dimensions listed in Table 4, the 

applicable ranges of the J correlation equations are a/t of 0.2 to 0.5 and 2c/t of 1.6 to 3.9.  A wide 

range of applicability is possible, but such range needs to be verified. 

6 EXAMINATION OF TEST RESULTS 

6.1 INTRODUCTION 

A uniform data processing and presentation format is used for all CWP test data.  The data from 

each test are presented in a Microsoft Excel
®
 file.  The data are organized as: 

 

1) Summary of specimen and test information, 

2) Specimen dimensions and test setup,  

3) Raw data and processed data, and 

4) Presentation of the processed data in plot formats. 

 

Data is plotted in a total of 19 graphs to illustrate relations among a variety of variables.  The 

relevant variables for each graph are given in Table 6. 
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Table 6:  Description of the data graphs 

No. X-axis Y-axis 1 Y-axis 2

1 Ram Displacement Load CMOD

2 Ram Displacement Applied Stress

3 Ram Displacement Remote Strains above Weld (1A, 2A and AVE)

4 Ram Displacement Remote Strains below Weld (1B, 2B and AVE)

5 Ram Displacement Strain across Weld

6 Average Remote Strain below Weld Average Remote Strain above Weld

7 CMOD Average Strains above and below Weld

8 CMOD Average Strain across Weld

9 CMOD Compliance

10 Average Remote Strain above Weld Compliance

11 Average Remote Strain below Weld Compliance

12 Flaw Depth CMOD

13 Strain Flaw Depth

14 Average Remote Strain above Weld Stress above Weld

15 Average Remote Strain below Weld Stress below Weld

16 Average Remote Strain above Weld CMOD

17 Average Remote Strain below Weld CMOD

18 Flaw Growth (∆a ) J

19 CMOD Applied Stress  
 

6.2 SAMPLE TEST DATA 

To illustrate the standard data presentation format, the results of CWP-11 are presented in detail 

in this section.  The specimen has a surface-breaking semi-elliptical flaw of 3 mm × 50 mm 

(depth x total surface length) in the weld centerline and was tested at -20ºC.   

 

6.2.1 Load and CMOD vs. Cross-Head Displacement 

Figure 16 shows load and CMOD as functions of cross-head displacement.  Both data records are 

directly read from the experimental data.  There is a dramatic increase in CMOD after the 

CMOD reaches approximately 1.6 mm.   
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Figure 16:  Load-displacement and CMOD-displacement relation of CWP-11 

 

6.2.2 Stress vs. Cross-Head Displacement 

The stress above or below the weld was calculated by dividing the measured load by the cross-

sectional area of the reduced section of the CWP.  The cross section was calculated from the 

measured chord length (Lc), wall thickness (t) and outer diameter (D).  As shown in Figure 17, 

the angle θ was calculated from chord length (Lc) and outer radius (R=0.5×D) as 

 

 . (17) 

The CWP cross section area bounded by the dashed line is 

 

  (18) 

and the area beyond the dashed lines, or the areas of the two corners at the left and right hand 

side of the CWP, is 

 

  (19) 

Therefore, the cross section area is 

 

  (20) 

The stress as a function of the displacement is given in Figure 18.  There was no difference in the 

cross-sectional area above and below the weld.  Therefore the stresses at locations above and 

below the weld are the same. 
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Figure 17:  Description of the cross section area calculation 

 
Figure 18:  Stress and displacement relation of CWP-11 
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6.2.3 Remote Strain vs. Displacement 

The strains measured respectively from above the weld, below the weld and across the weld of 

both the inner diameter and outer diameter side and the corresponding averages are shown in 

Figure 19, Figure 20 and Figure 21.  

 

The remote strains above or below the weld are calculated by dividing the corresponding LVDT 

displacements by the original gage length of the LVDT.  In Figure 19 and Figure 20, LVDTs 1A 

and 1B give the displacement on the ID side and LVDTs 2A and 2B give the displacement on the 

OD side.  The average strain is the mathematical average of the strains from ID and OD sides.  

 

6.2.4 Average Strain above and below Weld 

Figure 22 shows the average strain below the weld versus that above the weld.  The strain in the 

pipe above the weld is higher than the strain below the weld. 

 

6.2.5 Strain vs. CMOD 

Figure 23 shows the strain above and below the weld vs. the CMOD.  Figure 24 shows the 

average strain measured by the LVDTs straddling the weld vs. the CMOD.  When the CMOD is 

less than 2 mm, the remote strain is greater than the average strain across the weld.  When the 

CMOD passes beyond 2 mm, the strains in the remote region reach a plateau, while the strain 

straddling the weld continues to increase.  The increase of the average strain from the LVDTs 

straddling the weld correlates with growth of the CMOD without increase of load, as shown in 

Figure 16. 

 

6.2.6 Compliance vs. CMOD 

The unloading compliances were calculated from the experimentally measured CMOD and load 

data.  Figure 25 shows the load history vs. CMOD.  The specimen underwent loading and 

unloading during the test.  The unloading relation between CMOD (V) and load (P) is nearly 

linear.  Linear regression analysis was performed on each unloading load-CMOD curve to 

determine the compliance S by the relationship V=S×P.  For each unloading process, both 

unloading and reloading data in the range between the point marked by green dots and the end 

point of current unloading marked by red dots were used to calculate the compliance.  Table 7 

lists the compliance of each unloading cycle.  CMOD values were measured at the start points of 

the unloading processes which are marked as red circles in Figure 25.  

 

The compliance versus CMOD relation is plotted in Figure 26.  
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Figure 19:  Remote strain versus displacement above the weld of CWP-11 

 

6.2.7 Compliance versus Average Strain 

Table 7 also lists average strain values at the start points of the unloading processes from LVDTs 

above and below the weld.  The relations between compliance and average strains at locations 

above and below the weld of CWP-11 were also demonstrated in Figure 27 and Figure 28, 

respectively.  



 

29 

 
Figure 20:  Remote strain versus displacement below the weld of CWP-11 

 
Figure 21:  Strain across the weld versus displacement of CWP-11 
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Figure 22:  Average strain above the weld versus average strain below the weld of CWP-11 

 
Figure 23:  Average strain above and below the weld of CWP-11 versus CMOD 
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Figure 24:  Average strain across the weld versus CMOD of CWP-11 
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Figure 25:  Load-CMOD plot for specimen CWP-11 
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Table 7:  CWP-11 response as measured by various parameters as a function of the unloading sequence 
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2 1.78E-05 0.05 0.28 0.27 0.28 0.29 3.19

3 1.77E-05 0.06 0.31 0.30 0.30 0.32 3.16

4 1.81E-05 0.06 0.33 0.31 0.32 0.34 3.24

5 1.84E-05 0.09 0.36 0.34 0.35 0.37 3.30

6 1.88E-05 0.14 0.40 0.37 0.39 0.41 3.36

7 1.92E-05 0.20 0.46 0.41 0.44 0.46 3.43

8 1.99E-05 0.26 0.54 0.45 0.50 0.53 3.56

9 2.01E-05 0.31 0.64 0.50 0.57 0.61 3.59

10 2.09E-05 0.35 0.74 0.56 0.65 0.69 3.73

11 2.06E-05 0.37 0.83 0.64 0.73 0.77 3.67

12 2.08E-05 0.39 0.91 0.72 0.82 0.84 3.72

13 2.10E-05 0.41 0.99 0.82 0.90 0.92 3.75

14 2.16E-05 0.44 1.06 0.90 0.98 0.98 3.86

15 2.19E-05 0.47 1.13 0.98 1.05 1.05 3.91
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21 2.42E-05 0.72 1.57 1.40 1.48 1.48 4.30

22 2.47E-05 0.77 1.64 1.47 1.55 1.55 4.40
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Figure 26:  Compliance versus CMOD of CWP-11 
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Figure 27:  Compliance versus average strain above the weld of CWP-11 
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Figure 28:  Compliance versus average strain below weld of CWP-11 

 

6.2.8 CMOD vs. Flaw Depth 

Specimen CWP-11 contained a surface-breaking flaw with nominal initial size a×2c=3×50mm.  

Given the compliances in Table 7 as input, Equation (1) in Section 4 was used to evaluate flaw 

depth which is also listed in Table 7.  The predicted flaw depth is related to the experimentally 

measured CMOD value in Figure 29.  

 

6.2.9 Flaw Depth vs. Strains 

Table 7 lists the average of remote strain values above and below the weld and the averaged 

strain values from LVDTs across the weld.  The relations between flaw depth and those two 

strain measures are shown in Figure 30. 
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Figure 29:  CMOD and flaw depth relation of CWP-11 
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Figure 30:  Flaw depth versus strains 
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Figure 31:  Stress versus average strain below the weld of CWP-11 

 
Figure 32:  Stress versus average strain above the weld of CWP-11 
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Figure 33:  CMOD versus average strain below the weld of CWP-11 

 
Figure 34:  CMOD versus average strain above the weld of CWP-11 
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6.2.10 Average Stress vs. Average Strain 

The stress-strain relations in the pipe sections remote from the weld may be derived from the 

LVDT measurements.  Figure 31 shows stress versus average strain below the weld of CWP-11 

and Figure 32 shows stress versus average strain above the weld. 

 

6.2.11 CMOD versus Average strain 

Figure 33 shows the CMOD versus average strain below the weld of CWP-11 and Figure 34 

shows CMOD versus average strain above the weld. 

 

6.2.12 Flaw Growth Resistance Curve 

The J integral was calculated from flaw depth, load and CMOD data using J-correlation 

equations.  The elastic component of the J integral was calculated from Equations (7) and (10)-

(12).  For each adjacent two pairs of load and CMOD data i-1 and i, the increment of the plastic 

area under the load-CMOD curve  was calculated using Equation (15).  With Equation (13) 

for ƞ factor at step i, the plastic component of the J-integral at step i was calculated from 

Equation (16).  The J integral, from Equation (6), is the summation of the elastic component and 

the plastic component.  The flaw growth was then obtained as , where a0  is the 

calculated initial flaw depth.  From Table 6, a0 = 3.19 mm for CWP-11 specimen. The relation 

between extent of flaw and J-integral, i.e., the fracture resistance curve of CWP-11, is developed 

and shown in Figure 35.  
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Figure 35:  Fracture resistance curve of CWP-11 
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6.2.13 CMOD versus Applied Stress 

The applied stress was calculated by dividing the load by the CWP cross-section area.  Figure 36 

shows the relation between the CMOD and the applied stress. 

 
Figure 36:  CMOD versus applied nominal stress of CWP-11 

 

6.3 SUMMARY OF TEST DATA 

The test data of a total of 34 CWP specimens were processed.  Among those tests, 6 tests were 

performed at -40
°
C, 17 tests were performed at -20

°
C and 11 tests were performed at room 

temperature.  Surface breaking flaws were created in weld centerline (16 tests), HAZ (16 tests) 

or base metal (2 tests) of the specimens.  Four different dimension combinations of the flaws 

were adopted (a × 2c: 2.0 mm × 75.0 mm in 4 tests, 2.5 mm × 50.0 mm in 4 tests, 3.0 mm × 50.0 

mm in 18 tests and 6.0 mm × 30.0 mm in 8 tests).  

 

The raw data collected from experiments were converted to a variety of measures of material 

behavior.  The compliance function and J correlation equations were used to process the data 

into fracture resistance curves.  

 

The analysis of the data has led to the following conclusions: 

 

1) The CMOD vs. remote strain relation provides a useful indication of the start of 

accelerated flaw growth approaching the maximum achievable strains. 

2) It is possible to generate resistance curves from the CWP tests with the developed 

compliance function and J correlation equations.  However there can be considerable 

scatter in compliance measurements, leading to scatter in predicted flaw growth. 
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7 COMPARISON OF RESISTANCE CURVES 

7.1 OVERALL ORGANIZATION OF THE DATA 

The CWP resistance curves are compared with those from the SENT tests by CANMET.  The 

summary of the comparison is organized in an electronic format.  The experimental data are 

divided into 24 groups by the following parameters: 

 

1) Round of weld, 

2) Notch location, either in weld or in HAZ, 

3) Notch depth, and 

4) Test temperature. 

 

The grouping of the data is listed in Table 8.  In each comparison figure, the resistance curves of 

SENT specimens and CWP specimens with same geometric and test parameters are plotted. 

 

7.2 SAMPLE RESISTANCE CURVE COMPARISON 

Figure 37 shows three resistance curves from SENT tests with a=6 mm weld flaw and test 

temperature T=-20
°
C.  The consistency of the three resistance curves is very good.  Figure 38 

shows one resistance curves from CWP test under the same test conditions.  The comparison of 

the resistance curves from both sets of specimens is given in Figure 39.  In all of these figures the 

filled symbols represent the data from SENT tests and the unfilled symbols represent the data 

from the CWP tests.  The overall data trends show that the resistance curves of the CWP 

specimens are somewhat higher than those of SENT specimens after approximately 1.0 mm of 

flaw growth. 

 

Similar comparison has also been done on HAZ flaws.  Figure 40 shows two resistance curves 

from SENT tests with a=3 mm at room temperature (RT).  Figure 41 shows one resistance curve 

from a CWP test under the same test conditions.  The flaw growth deduced from the unloading 

compliance shows a significant amount of scatter in the initial stage of flaw growth.  Comparison 

of these resistance curves in Figure 42 demonstrates that the resistance curve of the CWP 

specimen agrees well with those of SENT specimens at small flaw growth (less than 0.5 mm).  

The CWP resistance becomes lower than that of SENT at greater flaw growth.   

 

Examination of the weld cross section (Figure 43) indicates that the HAZ flaw was within the 

targeted HAZ region at the early stage of growth.  The flaw then turned to the weld-HAZ fusion 

boundary and eventually propagated along the fusion boundary.  The lower resistance beyond 

0.5 mm flaw growth could be a reflection of the low fracture resistance along the fusion 

boundary or the change of growth direction which is not captured in the compliance function 

developed from finite element analysis.  Figure 44 shows the weld cross section of CWP-27 

specimen which has an HAZ flaw that did not reach the fusion boundary during its propagation.  

Figure 45 shows the comparison of the resistance curve of CWP-27 and those from SENT tests 

under the same test conditions.  The overall data trends show that the resistance curve of the 

CWP specimen is higher than that of the SENT specimens after approximately 1.5 mm flaw 

growth.  The initial part of the CWP resistance curve is very noisy so establishing a general trend 

is difficult. 
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Table 8:  Summary of SENT resistance curve versus CWP resistance curve 
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Figure 37:  SENT resistance curves of the first round of welds, notch located in the weld metal, a=6 mm and 

T=-20 °C 
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Figure 38:  CWP resistance curves of the first round of weld, notch located in the weld metal, a=6 mm and 

T=-20 °C 
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Figure 39:  CWP resistance curves versus SENT resistance curves of the first round of weld, weld notch, a=6 

mm and T=-20 °C 
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Figure 40:  SENT resistance curves of the second round of weld, HAZ notch, a=3 mm and T=RT 
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Figure 41:  CWP resistance curves of the second round of weld, HAZ notch, a=3 mm and T=RT 
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Figure 42:  CWP resistance curves versus SENT resistance curves of the second round of weld, HAZ notch, 

a=3 mm and T=RT 
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CWP-21

 
Figure 43:  After-test weld cross section macro of CWP-21 of the second round of weld, HAZ notch, a=3 mm 

and T=RT 

 

CWP-27

 
Figure 44:  After-test weld cross section macro of CWP-27 of the second round of weld, HAZ notch, 

a=6 mm and T=-20 °C 
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Figure 45:  CWP resistance curves versus SENT resistance curves of the second round of weld, HAZ 

notch, a=6 mm and T=-20 °C 

8 CONCLUDING REMARKS 
Mechanical tests of different scale are often conducted to characterize and/or validate girth weld 

performance.  Most of the tests are done in small-scale, i.e., with specimen size in the range of a 

few to tens of inches.  Selected full-scale tests are sometimes done, often under special 

circumstances to understand the impact of certain parameters that cannot be incorporated into the 

small-scale tests.  The medium-scale tests, represented by curved-wide-plate (CWP) tests, offer 

certain advantages associated with full-scale tests at a fraction of the cost of full-scale tests. 

 

A large number of CWP tests were conducted within this project.  The experimental procedures 

followed well-thought-out procedures only recently put into practice [18,19,20].  For post-test 

data analysis, there are no established procedures to generate resistance curves from CWP 

specimens.  The two critical missing elements are (1) compliance function for estimating flaw 

growth from unloading compliance and (2) correlation equations to convert load vs. CMOD 

records to fracture mechanics parameters, such J-integral.  These two elements are developed 

and presented in this report.  With those two elements in place, resistance curves from CWP can 

be constructed.  Another major outcome of this work is the implementation of a uniform data 

presentation format for all CWP test data. 

 

The observation of the test data has shown the following. 
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1) It is possible to obtain highly consistent data representing the deformation of CWP 

specimens. 

2) The remote strains obtained from the regions above and below the girth weld can be 

different, sometimes by a large amount.  The difference in applied stress in those regions 

is minimal.  The difference in strains is attributable to slight variations in material 

properties [21]. 

3) Based on the compliance and flaw growth history data, most of the flaw growth observed 

after the termination of a test occurs near the final failure strain.  The amount of flaw 

growth at a strain level up to 90% of the final failure strain is a small fraction of the flaw 

growth at failure. 

4) Once the flaw growth starts to accelerate, the remaining additional strain capacity is 

limited. 

5) From a practical viewpoint of tensile strain design, it is advisable to use flaw growth 

initiation as a failure criterion.  The benefits of a small increase in strain capacity do not 

justify the risk associated with allowing a large amount of flaw growth. 

6) Despite a highly diligent and meticulous effort of post-test data processing, the scatter in 

the experimentally measured compliance of CWP specimens makes it difficult to 

construct ―clean‖ resistance curves in some cases.  This difficulty is particularly 

pronounced in the initial part of the resistance curves.  Moreover, the initial flaw size 

predicted by the compliance function is in most cases different from the actual physical 

size.  Some adjustments of the initial flaw size have to be made.  These adjustments, 

along with the scatter in compliance, make the final determination of resistance curves 

somewhat subjective. 

7) With the above stated difficulties in mind, comparison of the resistance curves between 

CWP and SENT tests were made.  For cases when ―clean‖ resistance curves can be 

established, the resistance curves from CWP tests are higher than those from SENT tests.  

The difference is more pronounced after a flaw growth of approximately 1.0 mm.  Due to 

the noise associated with the initial flaw growth, comparison of resistance curves at 

smaller amount of flaw growth is difficult. 

8) Post-test data processing for the generation of resistance curves can be a difficult task.  

The process can be subjected to the judgment calls of the individuals who process the 

data.  The use of resistance curve data should be preceded with clearly defined 

procedures for data processing.  The robustness of the raw data prior to the data 

processing should be examined and verified. 

9) In light of comments nos. 6 and 8, considerable skill and care is needed in the 

instrumentation of the specimens and data interpretation to generate reliable resistance 

curves from CWP specimens. 

10) More work is needed to fully understand the CWP test results and their correlation with 

the test data of smaller scale specimens, such as SENT.  Such work is being planned by 

this project group. 
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